in oxidative stress and PTC microvilli remodeling. These data indicate that PTC structural damage in the Ren2 rat is related to oxidative stress response to Ang-II and/or albuminuria.
Introduction
Chronic kidney disease (CKD) is increasing worldwide (15, 27) . In the United States, it is estimated that 372,000 persons have end-stage renal disease (ESRD), and approximately 11% of adults are currently in the earlier stages of CKD (15) . Principal causes of CKD leading to ESRD are type 2 diabetes mellitus (T2DM) and hypertension (HTN) (15, 27, 29, 31) . Proteinuria is emerging as a major mediator of progressive renal disease leading to renal interstitial fibrosis and progressive renal injury (15, 29) . The concept has been developed that excess protein filtered through the glomerulus exerts direct toxicity upon epithelial cells of the kidney proximal tubule (3, 5, 8, 28) . Excessive filtered protein, particularly albumin (Alb), is thought to exert direct pro-inflammatory and pro-fibrotic effects on tubular epithelial cells (3, 5, 8, 13, 21, 29) and cause renal interstitial fibrosis (5, 8, 13) .
Renal proximal tubular epithelial cells (PTC) are important for the reabsorption of most of the glomerular physiologically filtered Alb (8) . Approximately 5 to 8 grams of Alb passes through the glomerular filtration barrier daily, yet only approximately 30 mg or less appears in the urine (8) . Reabsorption of filtrate in the PTC occurs primarily by clathrin and receptor-mediated endocytosis (3, 5, 8, 13, 28, 35) . Microvilli cover the apical portion of the PTC and provide the surface responsible for receptor-mediated endocytosis of Alb. Receptors that mediate this endocytosis include megalin and cubilin.
Cytoskeletal remodeling involving actin and myosin mediated contraction facilitates the Page 3 of 27 Manuscript # F-00252-2006.R2 4 formation of endocytic vesicles (3, 5, 8, 13, 28, 35) . Alb is dissociated from these receptors and transported to lysosomes for degradation to amino acids, which are released through the basolateral membranes and absorbed into interstitial capillaries.
The mechanism by which exposure of excessive Alb leads to PTC injury, and the morphological and functional nature of this injury remains poorly understood.
Compensatory hypertrophy of PTC in response to renal damage caused by HTN, hypoxia, and metabolic abnormalities appear to be an early process in the progression to tubular atrophy and tubulointerstitial fibrosis (18, 38) . This hypertrophic process may be followed by apoptosis and other mechanisms leading to loss of PTC and/or microvilli (18, 20, 37, 38) . There is accumulating evidence that the renal renin-angiotensin system (RAS) plays a pivotal roll in PTC maladaptive responses to various types of renal injury (4, 9, 16, 17) . PTC produce and secrete angiotensin-II (Ang-II) into the lumen where its concentration (6-10 nmol/L) is at least 10 times higher than that in plasma (17) . Ang-II (AT 1 and AT 2 ) receptors are located on both basolateral and luminal sides of the PTC (4, 9, 16). The critical location of Ang-II receptors and the high concentration of Ang-II suggest an autocrine/paracrine role for the RAS in the PTC. Further, in pathophysiologic conditions of albuminuria, as in T2DM or HTN, treatment with blockers of the AT 1 R reduce the progression of renal disease (15, 27, 29, 43) , as well as urine Alb loss (36) .
However, the precise mechanisms by which Ang-II mediates renal tubular damage remains poorly understood.
Excessive albuminuria has been reported to induce Ang-II production and increase Ang-II uptake by an AT 1 R-mediated process (17) . Increased renal Ang-II has been reported in systemically Ang-II infused rats and in the transgenic TG (mRen2)27
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Manuscript # F-00252-2006.R2 5 (Ren2) rat (19, 22, 41) . The Ren2 rat overexpresses Ang-II in tissues and develops HTN, insulin resistance, and albuminuria (2, 22, 36) . Investigations conducted in this and other hypertensive, insulin resistant, proteinuric rodent models has shown that Ang-II induced oxidative stress contributes to development of insulin resistance, HTN, albuminuria, and renal injury (2, 22, 36) , and that these effects can be abrogated by AT 1 R blockade and anti-oxidant therapy (2, 26, 30, 36) . Accordingly, in the present investigation we hypothesized that 1) the Ren2 rat would manifest oxidative stress mediated PTC injury in relation to albuminuria; 2) treatment of this model of Ang-II overexpression in vivo with either an AT 1 R blocker or a cell-permeable superoxide dismutase (SOD)/catalase mimetic (1, 32) would attenuate this Ang-II induced oxidative stress mediated PTC injury.
Materials and Methods

Animals and treatments
Male transgenic Ren2 rats and Sprague-Dawley controls (SDC) were obtained at 6 weeks of age and fed rat chow throughout the investigation. They were randomly assigned to treatment with valsartan (Ren2-V, SDV), tempol (Ren2-T, SDT) or placebo treated groups (Ren2-C, SDC). The treatment animals received valsartan (30 mg/kg/day) or tempol (1 mmol/L) in drinking water based on previous work (2), for 21 days prior to sacrifice. All protocols were approved by the University of Missouri and Harry S.
Truman Veterans medical center animal care and use committee and housed/harvested in accordance with NIH guidelines. A commercially available kit for rat urine Alb (Nephrat, Exocell Inc., Philadelphia, PA) was used to measure urine Alb. Urine was collected over a 24 hour period at the end of treatment and measured for levels of Alb normalized to creatinine.
The Jaffe reaction on an automated chemistry analyzer (Olympus AU400, Olympus America, Dallas, TX) was used to measure urine creatinine (Cr). Results are reported as a ratio of urine Alb to Cr (mg/mg).
N-acetyl-β-d-glucosaminidase (beta-NAG) is a 140 kDa lysosomal enzyme present in high concentrations in PTC, but not typically excreted into the urine by normal intact PTC (25) . Thus, increased beta-NAG in the urine is a potential marker for PTC injury (25) . Urine excretion of beta-NAG was determined by colorimetric assay from Roche Diagnostics (Indianapolis, IN). Urine samples were first fractionated on a gel filtration column to remove NAG inhibitors and then assayed for NAG activity via a colorimetric assay on an automated chemistry analyzer (Olympus AU400, Olympus America, Dallas, TX). Beta-NAG excretion is expressed as mU of NAG activity.
Tissue Malondialdehyde (MDA):
To measure lipid peroxidation, tissue MDA levels were determined as a surrogate end-marker for oxidative stress (36) . Butylated hydroxytoluene (BHT; 5 mM) was added 
Immunostaining of PTC with Nitrotyrosine:
Nitrotyrosine staining was used to corroborate levels of lipid peroxidation in the PTC. Sections of kidney were deparaffinized, rehydrated, and epitopes retrieved in Three glomerular/proximal tubule fields were randomly chosen per rat in order to obtain three 60K images/kidney containing cross sectional views of the microvilli. PTC were visualized adjacent to glomeruli and were identified on the basis of their continuous microvilli at the apical surface. Then five (450 nm X 450 nm) images were cropped out of each 60K image obtained. These cropped images were then analyzed using Image J (a public domain Java image processing program made possible by the NIH). By viewing the microvilli in cross section in each cropped image, the diameter of the microvilli were measured and recorded in a blinded fashion (38) . Additionally, abnormal forms as defined by a diameter greater than 100 nm were counted per each field (Figure 3) . The value of 100 nm was chosen as a value approximately greater than 2 standard deviations above the upper limit of the range of 76.6 to 86.9 nm of normal proximal tubules observed in control animals.
Transmission Electron Microscopy (TEM) Methods
RNA Isolation and Reverse Transcriptase/Real-time Polymerase Chain Reaction
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RNA was isolated from renal tissue and measured for angiotensinogen, renin, angiotensin-converting enzyme (ACE), ACE2, neprilysin, AT 1 R, and the mas receptor using the TRIZOL reagent (GIBCO Invitrogen, Carlsbad, CA), as previously reported (34) .
Statistical Analysis
All values are expressed as mean ± standard error. Statistical analyses were performed in SPSS 13.0 (SPSS Inc., Chicago IL). Abnormal forms were evaluated via nonparametric binomial testing with SDC control values as the test parameter and a cut point of 100 as a value approximately greater than 2 standard deviations above the upper limit of the range of 76.6 to 86.9 nm of normal proximal tubules. All other variables were evaluated parametrically via ANOVA with Fisher's LSD, as appropriate. Data from PTC measurements were then plotted against final systolic blood pressure, albuminuria, and MDA and then natural log (ln) transformed as appropriate for linear regression analysis. P <0.05 was considered statistically significant.
Results
Systolic Blood Pressure (SBP), Albuminuria, and beta-NAG
SBP were significantly higher in Ren2-C (n = 6) (192 ± 5.8 mmHg) compared to SDC (n = 4) (123 ± 5.5 mmHg) (p <0.05) ( Table 1) , and significantly lower with valsartan treatment (Ren2-V) (n = 6) (147 ± 6.1 mmHg) (p <0.05) but not improved with tempol treatment (Ren2-T) (n = 4) (188 ± 8.4 mmHg) (p >0.05). Consistent with prior observations that the Ren2 is insulin resistant, measured glucoses were higher in the Ren2 than SD (p <0.05). Similarly, albumin/creatinine ratio (Table 1 ) was higher in Ren2-C Page 9 of 27 (0.27 ± 0.02 mg/mg) versus SDC (0.06 ± 0.01 mg/mg) (p <0.05), and decreased with valsartan treatment (0.05 ± 0.02 mg/mg, p <0.05), but not tempol (0.31 ± 0.07 mg/mg) (p >0.05). Beta-NAG was not significantly elevated in the Ren2-C animal compared to SDC. However there were significant reductions seen with valsartan treatment (Table 1) .
Oxidative stress:
A marker of lipid peroxidation, MDA levels were elevated in Ren2 (Ren2-C) kidney cortical tissue (0.56 ± 0.17 µg of MDA/mg of protein) compared to SDC (0.05 ± 0.01 µg of MDA/mg of protein) (p <0.05), and decreased in the Ren2-V (0.10 ± 0.01 µg of MDA/mg of protein) and Ren2-T (0.22 ± 0.12 ug MDA/mg protein) (p <0.05) ( Table   1 ). Similar to MDA, there were significant increases in grey scale intensity measures of Nitrotyrsoine, another marker of lipid peroxidation, on PTC cross sections in the Ren2-C (53.2 ± 5.6 arbitrary units) compared to SDC (20.6 ± 3.6 arbitrary units) (p <0.05) that were decreased in both the Ren2-V (22.2 ± 1.8 arbitrary units) and Ren2-T (32.4 ± 5 arbitrary units) (each p <0.05) ( Figure 1A and B).
Ultrastructure analysis:
The diameters of PTC microvilli were measured in cross section and compared between treatment groups (Figure 2 and 3) . Ren2-C exhibited a significantly increased mean microvilli diameter (86.94 ± 0.25 nm) ( Figure 3A 
Discussion
This investigation demonstrated that the Ren2 rat, which manifests enhanced tissue RAS (2, 22, 36, 41) , develops renal tubular structural abnormalities in conjunction with development of HTN and albuminuria. TEM analysis revealed that the proximal tubules of the Ren2 rat displayed substantial microvilli abnormalities when compared with age-matched SD littermates. These abnormalities were generally characterized by increased mean diameter and increased numbers of abnormal microvilli structures.
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Further, the extent of the abnormalities of the Ren2 microvilli were directly related to quantitative increases in urinary albumin. These observations are in concert with prior reports that albuminuria may cause PTC injury (3, 5, 8, 13, 28) .
Our current understanding of PTC damage in response to albuminuria or other insults (i.e. hypoxia and metabolic abnormalities) is very limited. However, the TEM abnormalities in the Ren2 rat are potentially consistent with loss of the cytoskeletal integrity necessary for maintenance of erect tubules (20, 37, 38) . Indeed, it has been previously observed that actin and myosin microfilaments undergo depolymerization, fragmentation, and basolateral retraction from the apical region of the microvilli in conditions of ischemia and HTN injury (20, 37, 39) . This loss of cytoskeletal integrity likely contributes to flaccid/folded microvilli. This alteration, in conjunction with apoptosis/necrosis, could account for the loss of microvilli and widening of remaining microvillar structures observed in this study. Finally, the observation that oxidative stress increased in the Ren2 as measured by MDA and confirmed with staining of nitrotyrosine in the PTC and that in vivo treatment with both valsartan and tempol abrogated the microvilli structural abnormalities may suggest a role for oxidative stress as a common converging process mediating PTC injury to both Ang-II and albumin excess in the Ren2 rat.
As previously observed in skeletal tissue (2) (6, 11) . In PTC, the flavoprotein inhibitor diphenylene iodinium, as well as, the antioxidant N-acetylcysteine, prevented membrane-bound NADPH oxidase activation and generation of ROS (6, 11) . These data collectively suggest that an increase in ROS is the convergent pathway by which increased Ang-II and/or albuminuria causes PTC injury.
One limitation in the interpretation of these results is the lack of increase in beta- 
